Abstract Mn(I)-catalyzed selective functionalization of alkynes permits the convenient synthesis of substituted alkenes with high step and atom economies. Although the insertion of five-membered chelated manganacycle intermediates into alkynes has been widely reported, nonchelated Ar-Mn(I) species originating from commercially available arylboronic acids are unprecedented. Our new protocol achieved a challenging hydroarylation of unsymmetrical 1,3-diynes with arylboronic acids with complete regio-, stereo-, and chemoselectivity to give a wide array of trisubstituted conjugated (Z)-enynes in moderate to good yields.
The transition-metal-catalyzed highly selective functionalization of C≡C triple bonds provides a powerful route to a wide range of substituted alkenes and their derivatives with high step and atom economies.
1 Despite these advances, the high cost and the toxicity of noble metals compromise their widespread application in industry and pharmaceuticals. In recent years, organic transformations catalyzed by the earth-abundant and less-toxic transition metal manganese have gained considerable momentum in view of the unique properties and catalytic potential of this metal. 2 Here, we discuss recent progress in manganese(I)-catalyzed selective arylation reactions of alkynes with directed arenes, and our recent achievements in dimeric Mn(I)-catalyzed selective hydroarylation of diynes with arylboronic acids.
In 1989, Liebeskind et al. reported an initial exploration of manganese(I)-mediated difunctionalization of alkynes. 3 They proposed that the Mn(I)-catalyzed C-H activation of acetophenone formed Ar-Mn species that subsequently reacted with internal alkynes to produce indenols (Scheme 1, a). In 2013, the first Mn(I)-catalyzed hydroarylation of terminal alkynes through aromatic C−H activation was successfully achieved by Wang and co-workers (Scheme 1, b). 4 Both pioneering works involved five-membered manganacycle intermediates, such as A and B, generated in situ through C-H activation; these intermediates were believed to undergo alkyne migratory insertion to produce sevenmembered ring intermediates. This hypothesis was recently Jin Xie was born in Chongqing, P. R. of China, in 1985, and he received his bachelor's degree from Northeast Forestry University in 2008. In the same year, he went to Nanjing University, and he obtained his Ph.D. in organic chemistry in 2013 under the direction of Professor Chengjian Zhu. After a short stay in the same group, from 2014 he worked as a postdoctoral research associate at Heidelberg University. In July 2017, he was awarded the Nanjing University Dengfeng Talents Plan and he joined the School of Chemistry and Chemical Engineering at NJU as an associate professor to start his independent career. His research interests lie in visible-light photoredox catalysis and organometallic catalysis. Mn(I) complexes catalyze the C-H alkenylation by alkynes of indole derivatives bearing a 2-pyrimidinyl moiety (2-pym) as a directing group. For example, in 2015, Lei, Li, and their co-workers reported an elegant Mn(I)-catalyzed directed C−H bond activation and subsequent alkenylation of indoles with alkynes. The addition of benzoic acid can facilitate the formation of carbazoles (Scheme 2, a, right side). 6a In 2017, Ackermann and co-workers reported an unprecedented Mn(I)-catalyzed cross-coupling between directed indoles and alkynyl bromides (Scheme 2, b), 6b in which the seven-membered manganacycle intermediate was proposed to undergo β-bromo elimination to produce the 2-alkynylindole products. Interestingly, as reported by Glorius et al., 6c when alkynyl bromides were replaced by propargylic carbonates (Scheme 2, c), an interesting β-elimination process led to valuable 2-allenylindoles. Notably, Ackermann and co-workers found that the addition of In addition to these N-heterocyclic directing groups, the imine motif is also an efficient directing group. In 2014, Wang et al. reported the first Mn(I)-induced annulation of alkynes with imines through C-H bond activation [Scheme 3(a)]. 7a The five-membered manganacycle E was stabilized through coordination with the imine moiety, and a subsequent β-H elimination gave the corresponding annulated isoquinolines. 7a,b Unfortunately, when unsymmetrical alkynes were subjected to this protocol, the regioselectivity was a problem. In 2017, Glorious and co-workers successfully addressed this challenging issue by the introduction of a propargylic carbonate as a traceless directing group (Scheme 3, b). 
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As we have learned from these previous research works, there are several prerequisites for a successful Mn(I)-catalyzed hydroarylation of alkynes: they are (a) the generation of a thermodynamically favorable chelated five-membered Ar-Mn(I) species; (b) valid insertion into terminal alkynes and symmetrical internal alkynes; and (c) competition between protodemetalation and β-elimination. Most importantly, the use of directed arenes, a crucial factor for success, requires prior functionalization of the substrate and thereby seriously limits the substrate scope.
8 To the best of our knowledge, hydroarylation from simple aryl substrates without a directing group remains a big challenge in Mn catalysis. The high demand for a widely applicable synthetic strategy certainly necessitates a solution of this problem.
Moisture-and air-stable arylboronic acids, which are readily available from commercial suppliers, have been widely used as aryl sources in Rh-, 9a-f Pd-, 9g-k and Ni-catalyzed 9l-p hydroarylations. However, Mn(I)-catalyzed hydroarylations of alkynes from arylboronic acids remained unprecedented until our recent work. 10 The major barriers stemmed from the unexplored elementary step of transmetalation and the lack of efficient means for generating unchelated Ar-Mn(I) intermediate.
Given the prevalence of conjugated enynes as structural motifs in bioactive compounds 11a,b and as versatile building blocks in organic synthesis, 11c we selected unpolarized 1,3-diynes to start our study of Mn(I)-catalyzed hydroarylation with arylboronic acids. Our initial investigation focused on various functional-group-substituted 1,3-diynes to select appropriate substrate types (Scheme 4). To our delight, diyne alcohol 1C and its ether 1D were found to be competent substrates, giving the corresponding hydroarylation products 3C and 3D with complete regio-, stereo-and chemoselectivity. The dimeric complex Mn 2 (CO) 8 Br 2 appeared to be a much better catalyst precursor than Mn(CO) 5 Br.
Scheme 4 Initial investigations of a suitable type of 1,3-diyne
Encouraged by the initial result, reaction conditions were further optimized for the reaction of 5-phenylpenta-2,4-diyn-1-ol (1C) with 4-tolylboronic acid (2A). After systematic optimization of the Mn(I)-catalyst, additive, and solvent, the optimal conditions were determined to be dimeric Mn 2 Br 2 (CO) 8 (5 mol%), NaOAc (2 equiv) in hexane as the solvent at 90 °C. The desired product 3C was obtained 89% yield (Scheme 5).
By using the optimized reaction conditions, this hydroarylation protocol was successfully applied to a wide range of diyne substrates (Scheme 6). Homopropargylic alcohols 3C and 3F, as well as the ether derivatives 3D, were all efficient substrate types. Several aryl-and heteroaryl-substituted 1,3-diynes underwent this selective hydroarylation to give products 3G-L. Notably, proximal heteroaryl-substituents did not affect the precise regioselectivity in products 3J-L. Trialkyne and enediyne alcohols delivered the corresponding enediyne 3M and dienyne 3N in good yields. Hydroarylation of aliphatic 1,3-diynes gave the corresponding products 3O-R. Because of its potential electronic properties, the ferrocenyl enyne 3S was synthesized by this method in 72% yield. Besides the primary 1,3-diyne alcohols, several functionalized secondary diyne alcohols were also investigated and these gave the enyne products 3T-W in yields of 84-92% without reaction of the reactive alkene units. In addition, a skipped 1,4-diyne provided an alternative stereoselective access to the skipped enyne alcohol 3Y.
Scheme 6
The scope of the diyne reactant 
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In the reactions of arylboronic acids with 1C (Scheme 7), electron-donating or electron-withdrawing functional groups in any position of the phenyl rings were well tolerated. 2-Naphthylboronic acid, (9,9-dimethyl-9H-fluoren-2-yl)boronic acid, and other heteroarylboronic acids, smoothly underwent hydroarylation to afford moderate yields of the corresponding products 3RR-ZZ.
All enyne products were produced with exclusive Z-selectivity. A gram-scale test successfully delivered 3C in 81% yield (Scheme 8, a) . Notably, the enyne products underwent subsequent synthetic transformations to afford the valuable ester 4, aldehyde 5, conjugated dienyne 6, and C(sp 2 )-C(sp 3 ) coupling product 7 (Scheme 8, b).
To our delight, when [2-(2-pyridyl)phenyl]boronic acid (7) was mixed with Mn 2 (CO) 8 Br 2 in the presence of sodium acetate at 90 °C, the Ar-Mn(I) complex 8 was isolated in 21% yield, and its structure was confirmed by X-ray single-crystal structure analysis. This provided a solid proof for the formation of the postulated intermediate through transmetalation (Scheme 9). To the best of our knowledge, this represents the first direct evidence of transmetalation from an arylboronic acid to a Mn(I) catalyst. 
A proposed reaction pathway is illustrated in Scheme 10. First, a reactive Mn(I) species 9, generated from the precatalyst Mn 2 (CO) 8 
Scheme 10 Possible mechanism
In conclusion, as an important addition to Mn(I)-catalyzed selective arylations of alkynes, we have introduced an efficient dimeric-Mn(I)-catalyzed regio-, stereo-and chemoselective hydroarylation of unsymmetrical 1,3-diynes with commercially available arylboronic acids for the first time. This protocol affords a robust and convenient route for the construction of trisubstituted conjugated (Z)-enynes. The rarely explored transmetalation of arylboronic acids with Mn(I) has been applied and established.
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